The probable N055°-oriented extinct spreading ridge of the East Sub-basin is cut across by the postspreading volcanic ridge oriented approximately E-W in its western part and called the ZhenbeiHuangyan seamounts chain. A three-dimensional ocean bottom seismometer survey was conducted in 2011 and covered both the extinct spreading ridge and the Zhenbei-Huangyan seamounts chain in the East Sub-basin. The comprehensive seismic record sections of 39 ocean bottom seismometers underline the high-quality data with clear and reliable P-wave seismic first arrivals. The threedimensional tomographic results show that the crust is oceanic on each side of the Zhenbei-Huangyan seamounts chain. The seafloor spreading lineaments and associated fracture zones pattern provide channels for magma migration and eruption. Based on the ratio of volcanic extrusive and intrusive materials and the shape of the upward convex 6.4 km/s iso-velocity curve beneath the Zhenbei and Huangyan seamounts, we conclude that the Zhenbei and Huangyan seamounts appear to be dominantly formed by intra-crustal intrusion. Combining previous geochemical studies of post-spreading volcanic ridge outcropping samples, the formation mechanism of the seamounts chain might be explained by a buoyancy-driven decompression melting mechanism occurring as separately evolving partial melting bodies beneath each seamount.
Introduction
Seamounts are an important component of the oceanic lithosphere, texturing the world's ocean basins in linear chains or mountainous provinces (Hammer et al., 1994) . The South China Sea (SCS) is a small oceanic basin formed during the Cenozoic seafloor spreading, but is also considered as a marginal sea, which preserves both seafloor spreading and post-spreading volcanic features (Taylor and Hayes, 1983; Briais et al., 1993) . The East sub-basin is characterized by a lot of widely distributed seamounts (Fig.1) . The approximately E-W Zhenbei-Huangyan seamounts chain is as a post-spreading magmatic chain formed after the cessation of seafloor spreading Despite the abundance of seamounts in the SCS, our knowledge of the seamount structure and their mechanism formation remain limited. Two major mechanisms were proposed. One is the hotspot/mantle plume mechanism (Wilson, 1963) , the other one is the buoyancy-driven decompression melting mechanism which explains, for example, the formation of the Davidson Seamount above the fossil spreading center in the eastern Pacific (Castillo et al., 2010) .
Deep seismic surveys allow us to understand the crustal characteristics and formation mechanism of the Zhenbei-Huangyan seamounts chain. A three dimensional (3D) Ocean Bottom Seismometer (OBS) seismic survey was designed with three main aims: 1) to investigate the nature of the seamounts chain; 2) to investigate the velocity structure beneath the seamounts in order to determine their mode of formation; and 3) to provide constrains for the relationship between the ESR and the seamounts chain. In this paper we present a tomographic model established by inversion of the first arrivals recorded by 39 OBSs deployed during this survey.
Geological setting
The SCS is one of the largest marginal seas in the western Pacific Ocean. It is located at the junction of the Eurasian, India, Australia and Pacific plates and divided geographically into the SW sub-basin, the NW sub-basin and the East sub-basin ( Seamounts prevail in the SCS since the onset of post-spreading magmatism (13 Ma, Leg 349 preliminary report). The Zhenbei and Huangyan seamounts chain consists of volcanic edifices nearly 3000-4000 m above the seafloor and rising from ca. 240 km in length and 40-60 km in width (Yao, 1996; Yan et al., 2006) . Unlike most seamount groups, the Zhenbei and Huangyan seamounts chain does not exhibit a hotspot chain type formation, with increasingly older volcanoes along it (such as Hawaiian seamounts), nor does it runs perpendicularly to a local rift zone. In fact, it intersects the N055° roughly oriented ESR of the East sub-basin.
Data acquisition, processing and analysis
In May 2011, the R/V Shiyan 2 carried out a large-scale 3D OBS experiment for the first time The seismic data were reduced to the standard SEGY format. Globally, OBS data are of good quality with seismic signals recorded down to the Moho interface. In this study, we concentrate exclusively on P-wave first arrivals for each OBS. We manually pick first arrival travel-times in a band-pass filtered (3) (4) (5) (6) (7) (8) . The recorded sections are displayed with a reduced velocity of 6.0 km/s for the hydrophone component (sometimes vertical component) without differentiating between crustal and mantle refracted phases (Pg and Pn) and excluding direct water-wave phases (Fig. 3) . In total, we picked 95,430 first arrival travel times from the 39 OBSs' recorded sections.
Observed travel-time uncertainties were calculated based on the signal-to-noise ratio (SNR) (e.g., Zelt and Forsyth, 1994) . In addition, a constant value of 20 ms is added to account for uncertainty in seafloor ray entry point in areas with obvious topographic changes.
Modeling Results

Tomography Method
The iterative first-arrival seismic tomography approach (FAST) of Zelt and Barton (1998) was used to construct a smooth, isotropic 3D P-wave velocity model beneath the Zhenbei-Huangyan seamounts chain. The one-dimensional (1D) velocity model is firstly built in order to construct the initial 3D volume. The seafloor interface was taken from multi-beam bathymetric data previously acquired. The velocity was set up to 1.5 km/s for the water layer. We 
Preferred P-Wave Velocity Model
Any solution to the inverse problem depends on the starting model chosen to a certain degree, and a complete solution must include a measurement of uncertainty. We followed a Monte Carlo approach similar to that of Zhang et al. (1998) and Korenaga et al. (2000) in order to account for the influence of the starting model on the solution and to obtain an estimate of the uncertainty.
One hundred 1D starting models were constructed by randomizing five parameters defining a two-layer media: P-wave velocities at the top of the upper layer (seafloor), at the interface between both layers, and at the bottom of the lower layer, and the thicknesses of both layers.
These five parameters avoid constructing unrealistic models ( Checkerboard tests are commonly used for model assessment and resolution analysis. They provide information on the lateral and vertical resolution of a velocity model by examining the ability to recover the velocity anomaly pattern superimposed on the velocity model (Zelt, 1998) . A perturbed velocity model was built by superimposing a 3D sinusoidal velocity anomaly on the best fitting model with the magnitude of 10% of the background velocity. The sinusoidal function has half-wavelengths of 8 km in the horizontal directions and 3.5 km in the vertical direction (Fig. 6 ).
Synthetic travel times were generated by tracing rays through the perturbed velocity models and then by adding Gaussian random noise with a standard deviation of 15 ms. These synthetic travel-time data were then inverted for the preferred velocity model as the starting model using the same parameters as the previous inversion. We find that the inversion is able to resolve the checkerboard pattern (Fig. 6) . A good recovery of the velocity perturbation is observed with velocity anomaly of size 8×8×3.5 km, indicating a good model resolution in the central areas of the model, where we have a number of rays crossing with high ray coverage and relatively small velocity uncertainty (Fig. 7) . These tests show that our inversion cannot constrain velocity variations at depths greater than 8.75 km below the seafloor (bsl) (Fig. 6) ; thus we limit our interpretation of the velocity model to structure above that level.
Six vertical slices ( model is well constrained, with a standard deviation of velocities <0.2 km/s (Fig. 7) , smaller than the variance of the initial models used in the Monte Carlo approach (Fig. 5 ).
Tomographic Velocity Model Description
We use the velocity, velocity gradient, and velocity anomaly models to propose a subdivision of the oceanic crust into layers although there is no interface information in our tomography model. The upper crust (Layer 2), and lower crust (Layer 3) are defined based on the significant change in velocity gradient at the boundary between these two seismic layers. The 6.4
km/s iso-velocity contour, corresponding to the sharpest change in velocity gradient, generally coincides with the boundary between layers 2 and 3 (e.g., Muller et al., 1997; Minshull and White, 1996) . We tentatively identify the 7.0 km/s iso-velocity contour of our tomography model as the bottom of Layer 3. We combine velocity and velocity gradient together to differentiate Layer 2 (velocity: ~2.5-5.5 km/s and velocity gradients>1-2 s (Fig. 6 ) and a small velocity uncertainty (<0.1 km/s) (Fig. 7) .
Discussion
Nature of the seamounts
The Zhenbei-Huangyan seamounts chain is a unique feature in the East sub-basin. Outside of the Zhenbei-Huangyan seamounts chain, 1D velocity-depth profiles (Fig. 9 ) from X=0 km section present characteristics of typical oceanic crust (White et al., 1992) with crustal thickness of 4-7
km. 1D velocity-depth profiles beneath the Zhenbei and Huangyan seamounts show an extremely thickened oceanic crust with consistently slow velocities (Fig. 9 ) compared to typical oceanic crust. The crustal thickness beneath the Zhenbei and Huangyan seamounts is up to 12-14 km at maximum, assuming the 7.0 km/s velocity contour as the bottom of crust (Fig. 7) .
3D modeling results give the velocity structure in the area of the Zhenbei-Huangyan seamounts chain, which could be used to discriminate between extrusion and intrusive materials due to differences in porosity and fracturation ( 
Formation mechanism of the Zhenbei and Huangyan seamounts chain
Why did so many seamounts develop in the SCS? And why did volcanism of the Zhenbei-Huangyan seamounts chain continue to be active along a roughly EW-trending feature?
Comparing but with distinct degrees of partial melting (Meng and Zhang, 2014) . From slices at the constant depths (Fig. 8) , both seamounts have their own large roots, reaching at least 8 km below the seafloor (at Z=8 km bsf in Fig. 8 ). We suggest in Figure 10that the Zhenbei and Huangyan seamounts are derived from the same mantle source but involving with different degrees of partial melting.
The trends of seamounts are also different when we compare the shapes of velocities and velocity anomalies iso-contours at different constant depths (Fig. 8 ) with the bathymetry (Fig. 2) . 
Conclusions
3D tomographic inversion using first arrivals yielded spatial variations in velocity and thickness beneath the western part of the PSVR, centered on the Zhenbei-Huangyan seamounts chain and across the ESR of the East sub-basin.
The crustal thickness varies obviously due to post-spreading magmatic activities. The crust is of oceanic origin and its thickness is normal, 6-7 km near the ESR and north of the PSVR while beneath the Zhenbei-Huangyan seamounts chain, a maximum thickness of about 14 km was found, assuming the shape of the 7.0 km/s iso-velocity contour as the bottom of crust. (Sibuet et al., 2015 revised) . Magma formed by sustained decompressing melting during mantle upwelling along the tectonic weak zones. The red arrows show the intrusion direction of magma. The intrusive bodies (thin yellow curves) consist of two parts, the upper part is the intrusive core with a velocity of 6.0-6.4 km/s, and the lower part is composed of gabbroic rocks with sills at the base of the crust with a velocity of 6.4-7.0 km/s.
